During early postischemic reperfusion, the vulnerable brain regions (e.g., hippocampal CAl) show a relatively high deoxyglucose accumulation. To investi gate if this accumulation is a marker for the later occurring regional cell death and to determine its cellular localization, we studied the glucose metabolism in the CAl region post ischemia after removal of its pre-or postsynaptic components. A 20-min period of cerebral ischemia was used for selective removal of the main postsynaptic component in CAl pyramidal cells, and a bilateral intraventricular injection of kainic acid for re moval of the majority of presynaptic axon terminals in this region (and postsynaptic terminals and cell bodies in CA3). The glucose metabolism was studied in these two lesion types and in sham-operated animals before and af ter a period of ischemia. There was a 60% reduction of The hippocampal CAl pyramidal cells are vulner able to shorter periods of ischemia than most other neurons (Brierley, 1976) . Earlier theories proposed that the selective regional vulnerability was due to hemodynamic fa ctors (Spielmeyer, 1925) . It has since been shown that early reflow in affected areas is higher than in controls (Pulsinelli et aI., 1982) and that interneurons in the same areas are resistant to ischemic insults (Johansen et aI., 1983(Johansen et aI., , 1987. These findings clearly indicate that the selective vulnera bility is not related to the so-called "no reflow phenomenon" (Ames et aI., 1968).
metabolism after ischemia in the nonvulnerable regions, whereas CAl and sometimes CA3 showed a columnar pat tern of high and low metabolism. CAl and CA3 devoid of the postsynaptic component showed increased postisch ernie metabolism. The latter was due to the presence of macrophages, as demonstrated by an enzyme histochem ical stain for nonspecific esterase. CAl with no presyn aptic component showed a postischemic depression of the glucose metabolism similar to the rest of the brain. It is suggested that the level of the postischemic glucose metabolism in the ischemia-vulnerable regions is deter mined by the presence of both synaptic components. The presence of macrophages in a region gives rise to appar ently normal values of glucose metabolism. Key Words: Cerebral ischemia-Gliosis-Glucose metabolism Hippocampus-Synapse. oxyglucose accumulation (Diemer and Siemkowicz, 1980b; Choki et aI., 1983) are increased in the im mediate postischemic period, after which they de crease to subnormal levels (Pulsinelli et aI., 1982; Choki et aI., 1983) . In the selectively vulnerable areas, the glucose metabolism is higher fo r a longer period of time, suggesting that it represents either a recovery phenomenon or a pathologic process caus ing fu rther damage.
The cellular basis of the relative hypermetabo lism is not known. The CAl pyramidal cells receive 80% of their presynaptic input to the stratum radi atum via the Schaffe r collaterals and commissural fi bers fr om CA3 pyramidal cells (Nadler et aI., 1978) . Since deafferentation of the CAl pyramidal cells protects them fr om ischemic damage (Jo hansen et aI., 1986; J�rgensen et al., 1987; Ben veniste et aI., 1988) , it is proposed that the pro longed postischemic glucose hypermetabolism should also be affected by deafferentation, if the hypermetabolic state is involved in the pathogene sis of CAl injury.
To investigate this question, we measured the postischemic glucose metabolism in the hippocam pal CAl, which was selectively depleted of either (a) pyramidal cell dendritic fields by transient global cerebral ischemia or (b) axon terminals fr om CA3 pyramidal cells by intraventricular kainic acid injec tion.
MATERIALS AND METHODS
For the glucose metabolism study, the following groups of male Wistar rats weighing 350 ± 50 g were used: (1) control, n = 9; (2) ischemia, n = 4; (3) ischemia-4 days, n = 5; (4) ischemia-ischemia, n = 4; (5) kainate-4 days, n = 5; (6) kainate-ischemia, n = 5.
Rats in group 1 were fasted overnight with free access to water and then subjected to a 2-deoxyglucose experi ment (described below). Rats in group 2 were subjected to ischemia (described below), and after 15 min of recircu lation a 2-deoxyglucose experiment was initiated. Rats in group 3 were subjected to ischemia, and after 4 days they underwent the 2-deoxyglucose procedure (24 h of fast ing). Rats in group 4 were subjected to ischemia once and 4 days later a second time (24 h of fasting, only electro cauterized the first time); after 15 min of recirculation, the 2-deoxyglucose procedure was carried out. Rats in group 5 were lesioned with kainic acid (described below), and after 4 days they underwent the 2-deoxyglucose proce dure (24 h of fasting). Rats in group 6 were lesioned with kainic acid; 4 days later they were subjected to ischemia and after 15 min of recirculation to the 2-deoxyglucose procedure.
Procedures
To establish a bilateral CA3lesion, the rats (group 5 and 6) were anesthetized with pentobarbital (50 mg/kg i.p.) and received a bilateral intraventricular injection of kainic acid (0.5 j.Lg in 2 j.LI saline; coordinates: 0.8 mm behind bregma, 2.2 mm lateral, 3. 5 mm ventral, cortex surface = 0, nose bar = -4) (Nadler et aI. , 1978) .
Rats scheduled for ischemia (groups 2, 3,4, and 6) were anesthetized with methohexital (50 mg/kg i.p.) and their vertebral arteries were electro cauterized (setting 4-6; Monopolar Martin Elektrotom) (Pulsinelli and Brierley, 1979; J",rgensen and Diemer, 1982) . They were fasted (free access to water) until the next day when they were anesthetized with halothane and nitrous oxide in oxygen; then their carotid arteries were exposed. The femoral ar tery and vein were cannulated and a plaster cast was applied around the lower trunk and the hind legs. The anesthesia was turned off. As the rats began to wake up, the carotid arteries were clamped and blood withdrawn from the arterial line until the pupils started to dilate and became unresponsive to light. After 20 min the clamps were removed and the blood reinfused.
Rats scheduled for a 2-deoxyglucose study only (groups 1, 3, and 5) were, after cannulation of the femoral vessels, allowed to recover from anesthesia for 1 h, whereas rats scheduled for a postischemic 2deoxyglucose study (groups 2, 4, and 6) recovered for 15 min after ischemia before they were injected with 50 j.LCi [14C]2-deoxyglucose (New England Nuclear). Arterial plasma samples were collected at timed (0, 15,30, and 45 J Cereb Blood Flow Metab, Vol. 10, No. 2, 1990 s, 1,2,3,5,7,5, 10, 15,25,35, and 45 min) intervals to determine the time course of the plasma [14C]2-deoxyglucose and glucose concentration during the experimental period. After 45 min the rats were de capitated and the brains removed and frozen.
Blood pressure and rectal temperature were monitored for all animals throughout the experiment. A heating lamp maintained the latter at 37 ± OSC. Po2, Pco2, pH, and plasma glucose concentration were measured at regular intervals. The frozen brains were frontally sectioned (20 j.Lm) and processed for quantitative autoradiography. For each region four measurements of the mean optical den sity were taken (bilaterally in two sections 600 j.Lm apart). The regional 14C concentrations in the brains were deter mined by utilizing calibrated [14C]methylmethacrylate standards. This value, the time course of the arterial plasma [14C]2-deoxyglucose, and the plasma glucose con centrations were used to calculate the glucose metabo lism employing the operational equation of the deoxyglu cose method modified for variations in plasma glucose (Sokoloff, 1981) . The values of the rate and lumped con stants were those determined by Sokoloff et al. (1977) . For each region five comparisons were made with Stu dent's t test using the Bonferroni correction for multiple comparisons. The five groups compared were: 1/2, 1/3, 1/5, 3/4, and 5/6.
To determine possible regional changes in the lumped constant of the Sokoloff equation (Sokoloff et aI. , 1977) due to lesions or ischemia, two additional experiments were carried out: Four days after a kainic acid (n = 3) or ischemia (n = 3) lesion, the rats received an intravenous bolus injection of 100 j.LCi [14C]3-0-methylglucose (New England Nuclear) (Gjedde and Diemer, 1983) . The kainic acid-Iesioned group received the bolus immediately after 20 min of ischemia. After 1 h of isotope circulation, the animals were decapitated and the brains removed, frozen, and processed for autoradiography as mentioned above.
Neighboring formalin-fixed sections were stained with hematoxylin-eosin and Kluwer-Barrera for later align ment and examination with the autoradiographs. Ace tone-fixed sections were stained enzyme histochemically for nonspecific esterase (a marker for macrophages) (Catovsky and Enno, 1977) , a-naphthyl butyrate esterase (kit 180-B; Sigma, St. Louis, MO, U.S. A. ), or glial fibril lary acid protein (GF AP) immunostain for astrocytes (pri mary mouse antibody 1 :40 from Boehringer Mannheim Biochemica; secondary biotinylated rabbit anti-mouse 1:200, avidin, and biotinylated horseradish peroxidase from Dakopatts, Santa Barbara, CA, U. S. A.).
Additional rats were subjected to either the ischemic lesion or the kainic acid lesion and allowed to survive for 4 days; specimens were then perfusion fixed in 4% form aldehyde, soaked in 20% sucrose, frozen, and processed for Fink-Heimer silver impregnation (Hjorth-Simonsen, 1970) .
RESULTS

Clinical features
Pupillary dilation and unresponsiveness during ischemia were obtained at a mean systemic blood pressure between 50 and 100 mm Hg achieved by withdrawing 3-5 ml blood. Respiratory rate during this state was increased, with a normal pattern. Af-ter removal of the carotid clamps and reinfusion of the blood, the systemic blood pressure immediately stabilized at preischemic levels. In the postischemic period during the 2-deoxyglucose circulation time, the rats were stuporous, reacting to painful stimuli by withdrawal.
Physiological parameters
The means and SEMs of the groups are shown in Table 1 . For each region comparisons were made between all the groups with Scheffe' s F test. Prob ably owing to stress-induced hyperventilation, Pco2 in the unlesioned postischemic rats was signifi cantly lower than Pco2 in rats with ischemia 4 days before the 2-deoxyglucose experiment.
Histology
Brains from control animals showed no nonspe cific esterase staining. Kliiwer-Barrera sections from brains frozen 4 days after lesioning with kainic acid revealed selective damage to CA3 with gliosis in all layers (Fig. ID) . The infiltrating cells did not express GF AP but showed marked nonspecific es terase activity ( Fig. 2A and C) . No changes were seen in the stratum radiatum of CAl except in the Fink-Heimer sections, which showed massive ter minal degeneration in CAl (Fig. 3, left) .
Sections from brains frozen 4 days after ischemia revealed selective CAl pyramidal cell damage (J�rgensen and Diemer, 1982) with gliosis predom inantly in the pyramidal layer ( Fig. IG) . Occasion ally a few necrotic cells were also seen in the CA3. GF AP was only slightly increased, whereas there was a marked expression of nonspecific esterase ( Fig. 2B and D) . The Fink-Heimer stains showed silver deposits as signs of degeneration in the perikarya and dendrites of the CAl pyramidal cells (Fig. 3, right) .
Glucose metabolism
The means and SEMs of the regional cerebral glucose metabolism in the groups are presented in Table 2 , histograms of metabolism in selected areas in Fig. 4 , and representative autoradiograms in Fig. 1. The regional CMR g lc (rCMR g ic) values found in the control group parallel reported values in the lit erature (Sokoloff et aI., 1977; Pulsinelli et aI., 1982) . In nonlesioned animals subjected to ischemia (group 2), all nonhippocampal regions showed a sig nificant depression of glucose metabolism most pro nounced in the cortex, which had 30% of control values. In the hippocampal regions there were co lumnar areas of high and low metabolism most pro nounced in the CAl (Fig. lC) . Since both types of columns are contained in a measured area, the rCMR g lc values in Table 1 represent a mean of the regions.
Four days after lesioning with kainic acid (group 5), there was a 20% reduction in the cortex, whereas the CA3 showed no decrease. The deaffer entated CAl showed a marked reduction in rCMR g lc (Fig. IE) . When such rats were subjected to isch emia (group 6), the postischemic heterogeneous hippocampal pattern did not develop and the rCMR g lc in the deafferentated CAl dropped from 36.8 to 18.8 j.lmolll00 g/min (p < 0.05 with Stu dent's t test). The latter, however, was not signifi cant when a multiple comparisons test was made. The gliotic CA3, however, was unaff ected by isch emia and the lesioned region contrasted sharply against the hypometabolic background ( Fig. IF) .
Four days after the ischemic lesion (group 3), there was still a 50% reduction in cortical metabo lism. In the CAl there was a 30% reduction in the radiate layer, whereas it was normal in the pyrami dal layer (Fig. IH, not shown in table) . The post ischemic metabolism in rats with this lesion (group 4) was close to control values in the radiate layer of CAl but slightly increased in the pyramidal layer ( Fig. 11 , not shown in table).
3-0-Methylglucose
Sections from 3-0-methylglucose-injected rats with CAlor CA3 lesion plus 20 min of ischemia 1 (n = 9) 8.0 ± 0.5 106 ± 4 33 ± 1 7.43 ± 0.02 2 (n = 4) 10.6 ± 1.9 121 ± 7 26 ± 1 7.42 ± 0.03 3 (n = 5) 14.7 ± 3.0 96 ± 5 43 ± 4° 7.35 ± 0.01 4 (n = 4)
13.1 ± 0.5 126 ± 5 31 ± 4 7.37 ± 0.02 5 (n = 5) 7.4 ± 0.4 110 ± 5 33 ± 2 7.41 ± 0.05 6 (n = 5) 11.5 ± 1.3 117 ± 4 34 ± 3 7.36 ± 0.01 injection of kainic acid (note gliosis and loss of pyramidal cells in CA3); E: 2-DG autoradiogram from rat similar to 0; F: as E, but postischemia (note the high metabolism in the gliotic CA3 compared to the deafferentated CA1); G: 4 days after 20 min of cerebral ischemia (note gliosis and loss of pyramidal cells in CA1); H: 2-DG autoradiogram from rat similar to G; I: as H, but post ischemia (note the high metabolism in the gliotic CA1 pyramidal cell layer). revealed a homogeneous distribution of the tracer in forebrain (lesioned areas included), brainstem, and cerebellum (Fig. 5) .
DISCUSSION
This study of the postischemic rCMR g lc showed pronounced decreases (41-70%) in all regions ex cept the hippocampal regions CAl' CA3, and den tate gyrus, which had unchanged values. Four days after ischemia, there was still a reduction (31-50%) in the same regions. A new episode of ischemia at that time caused a further decrease to 27% in frontal cortex and striatum. In animals with a denervated CAl (due to lesioned CA3), ischemia produced com parable depressions of rCMR g lc, now also in the CAl'
When applying the deoxyglucose method to ani mals with pathological tissue changes, it is neces sary to consider whether the requirements for use of the method are fulfilled. It is required that there be steady-state conditions during the tracer circula-tion period. Besides the control group, this is most probably also the case in the "ischemia-4 days" and "kainate-4 days" groups (groups 3 and 5). In these, the overall average rCMR g lc was depressed to 50 and 75%, respectively. Even if the regional rate constants were changed in these conditions, the use of a 45-min circulation period would tend to cancel this out (Sokoloff et aI., 1977) .
In groups 2, 4, and 6 where rCMR g lc was mea sured during the 15-to 60-min period after ischemia, the requirement of steady state was probably not fulfilled. CBF and rCMR g lc are not in steady state and they are uncoupled postischemically for several hours (Pulsinelli et aI., 1982) . After recirculation has started, rCBF is increased for up to 30 minutes (Pulsinelli et aI., 1982; N. H. Diemer, unpublished) after which follows the longer period of postisch emic hypoperfusion (Pulsinelli et aI., 1982) . How ever, owing to the bolus injection used for the de oxyglucose technique, the glucose metabolism dur ing the first third of the tracer circulation period is best represented. Thus, the impact of a later-M. B. J(JRGENSEN ET AL. occurring change will be underestimated, and es sentially the calculated metabolism corresponds to the first part of the circulation period.
Changes of the lumped constant are most likely in conditions with increased glucose metabolism since this tends to lower brain glucose content, and thereby increase the lumped constant (Gjedde and Diemer, 1983) . Despite the lesions and the fact that blood flow during ischemia in this model varies from zero in the frontal cortex to near normal in the brain stem and cerebellum (Furlow, 1982; J�rgensen and Diemer, 1982) , the postischemic distribution of 3-0-methylglucose (and thus the lumped constant) was uniform throughout the brain. This is in agree ment with earlier studies (Ginsberg and Reivich, 1979; Gjedde et aI., 1985; Nedergaard et aI., 1986) , which found the lumped constant slightly increased during ischemia, but returning to normal in the re circulation period (Fieschi et aI., 1978; Ginsberg and Reivich, 1979; Suzuki et aI., 1983a) .
The persisting low overall values of glucose me tabolism found in this study have previously been observed several days after cortex lesions (J�rgensen and Wright, 1988; Pappius, 1988) . Pap pius (1988) demonstrated that this was due to an inhibitory effect of serotonin and norepinephrine in the cerebral cortex. A similar mechanism could also be operating after global ischemia.
The cells in the gliotic areas (Fig. 2) had macro phage rather than astrocyte characteristics. They J Cereb Blood Flow Metab, Vol. 10, No.2, 1990 are probably identical to the "brain macrophages" found by Murabe et ai. (1981) . That the metabolism in the gliotic areas did not differ from that of normal neuropil is explained by the known high expendi ture of energy required by phagocytosis (Sbarra and Karnovsky, 1959) . The metabolic indifference of these gliotic regions to ischemia indicates that the postischemic metabolic changes in the nonlesioned brain are of neuronal if not synaptic origin. This parallels the finding of Frey and Agranoff (1983) that the metabolism in gliotic areas is resistant to anesthetic doses of pentobarbital.
The present results parallel those of Pulsinelli et ai. (1982) , who found depression of glucose metab olism in the cortex after 1 h of recirculation. A vari able columnar pattern was seen in the hippocam pus, but the average values did not differ signifi cantly from control. Diemer and Siemkowicz (1980a,b) found an increased deoxyglucose accu mulation in the hippocampus, whereas it was slightly decreased in the cortex when animals were examined 15 min post ischemia after a 2deoxyglucose circulation time of 10 min. A related study in the gerbil (Choki et aI., 1983 ) demonstrated an early increase in both the cortical and the hip pocampal glucose metabolism. This increase was sustained in the hippocampus but dropped to 50% of control in the cortex at 15-30 min. If the ischemia was extended to 1 h, the hippocampal hypermetab olism persisted for at least 4 h (Levy and Duffy, FIG. 4. Histogram representing the glu cose utilization in selected regions from the six groups. Error bars represent SEM. Note the decreased glucose utilization in cortex and corpus callosum 4 days after the hippocampal lesions and during recir culation after ischemia (isc). No decrease in metabolism is seen in the lesioned CA3 or CA1, whereas the denervated CA1 is low after ischemia. con, control; ka, kain ate. 
. The gerbils did not manifest clinical seizure activity, but they are genetically prone to seizures and are known to have subclinical postischemic hip pocampal hyperactivity (Suzuki et al., 1983b) . These results and the present findings suggest that persistent "hypermetabolism" following ischemia is an indicator of irreversible cellular injury and death. Resistance to ischemic irijury seems to be related to a rapid conversion of the immediate post ischemic hypermetabolism to a hypometabolic state.
TABLE 2. Regional CMRglc (Il-mol/JOO g/min) in the six groups Group I Group 2 Group 3 Group 4 Group 5 Group 6 (n = 9) (n = 4) (n = 5) (n = 4) (n = 5) (n = 5) In a study on epileptic brain damage, Blennow et ai. (1978) suggested that the enhanced metabolic rate associated with epileptiform discharge (even with unrestricted oxygen and glucose availability) per se can cause damage through free radical for mation. Also, continuous epileptiform activation of neurons could be the cause of the well-known post ischemic intracellular calcium accumulation (Di enel, 1984; Simon et aI., 1984) , which in turn leads to cell death (Schanne et aI., 1979) .
This study shows that when the excitatory affer ents from CA3 to CAl are removed, the postisch emic metabolism in the vulnerable CAl is reduced to the same low level as in the more ischemia resistant regions. Removal of the glutamatergic af ferents has previously been shown to prevent cal cium from entering the cells (Benveniste et aI., 1988) and to protect them from ischemic necrosis (Johansen et aI., 1986; J�rgensen et aI., 1987; Ben veniste et aI., 1988) . We therefore suggest that the postischemic glucose hypermetabolism is related to glutamate release and calcium influx, ultimately leading to cell death.
